Abstract. We present the results of a near-infrared adaptive optics survey with the aim to detect close companions to Hipparcos members in the three subgroups of the nearby OB association Sco OB2: Upper Scorpius (US), Upper Centaurus Lupus (UCL) and Lower Centaurus Crux (LCC). We have targeted 199 A-type and late B-type stars in the K S band, and a subset also in the J and H band. We find 151 stellar components other than the target stars. A brightness criterion is used to separate these components into 77 background stars and 74 candidate physical companion stars. Out of these 74 candidate companions, 41 have not been reported before (14 in US; 13 in UCL; 14 in LCC). The angular separation between primaries and observed companion stars ranges from 0.22 ′′ to 12.4 ′′ . At the mean distance of Sco OB2 (130 pc) this corresponds to a projected separation of 28.6 AU to 1612 AU. Absolute magnitudes are derived for all primaries and observed companions using the parallax and interstellar extinction for each star individually. For each object we derive the mass from K S , assuming an age of 5 Myr for the US subgroup, and 20 Myr for the UCL and LCC subgroups. Companion star masses range from 0.10 M ⊙ to 3.0 M ⊙ . The mass ratio distribution follows f (q) = q −Γ with Γ = 0.33, which excludes random pairing. No close (ρ ≤ 3.75 ′′ ) companion stars or background stars are found in the magnitude range 12 mag ≤ K S ≤ 14 mag. The lack of stars with these properties cannot be explained by low-number statistics, and may imply a lower limit on the companion mass of ∼ 0.1 M ⊙ . Close stellar components with K S > 14 mag are observed. If these components are very low-mass companion stars, a gap in the companion mass distribution might be present. The small number of close low-mass companion stars could support the embryoejection formation scenario for brown dwarfs. Our findings are compared with and complementary to visual, spectroscopic, and astrometric data on binarity in Sco OB2. We find an overall companion star fraction of 0.52 in this association. This is a lower limit since the data from the observations and from literature are hampered by observational biases and selection effects. This paper is the first step toward our goal to derive the primordial binary population in Sco OB2.
Introduction
Duplicity and multiplicity properties of newly born stars are among the most important clues to understanding the process of star formation (Blaauw, 1991) . Observations of star forming regions over the past two decades have revealed two important facts: (1) practically all (70-90%) stars form in clusters (e.g., Lada & Lada, 2003) and, (2) within these clusters most stars are formed in binaries (Mathieu, 1994) . Consequently, the star formation community has shifted its attention toward under-the newly formed cluster (Kroupa, Aarseth, & Hurley, 2001) . At the same time numerical simulations of older exposed clusters have become more realistic by incorporating detailed stellar and binary evolution effects in N-body simulations (e.g., Portegies Zwart et al., 2001 ). This has led to the creation of a number of research networks that aim at synthesizing the modeling and observing efforts into a single framework which covers all the stages from the formation of a star cluster to its eventual dissolution into the Galactic field, an example of which is the MODEST collaboration (Hut et al., 2003; Sills et al., 2003) .
Such detailed models require stringent observational constraints in the form of a precise characterization of the stellar content of young clusters. Investigations of the stellar population in young clusters have mostly focused on single stars. However, as pointed out by Larson (2001) , single stars only retain their mass from the time of formation whereas binaries retain three additional parameters, their mass ratio, angular momentum and eccentricity. Thus, the properties of the binary population can place much stronger constraints on the physical mechanisms underlying the star and cluster formation process.
Ideally, one would like an accurate description of the 'primordial' binary population. This population was defined by Brown (2001) as "the population of binaries as established just after the formation process itself has finished, i.e., after the stars have stopped accreting gas from their surroundings, but before stellar or dynamical evolution have had a chance to alter the distribution of binary parameters". This definition is not entirely satisfactory as stellar and dynamical evolution will take place already during the gas-accretion phase.
Here we revise this definition to: "the population of binaries as established just after the gas has been removed from the forming system, i.e., when the stars can no longer accrete gas from their surroundings". This refers to the same point in time, but the interpretation of the 'primordial binary population' is somewhat different. The term now refers to the point in time beyond which the freshly formed binary population is affected by stellar/binary evolution and stellar dynamical effects only. Interactions with a surrounding gaseous medium no longer take place.
From the point of view of theoretical/numerical models of star cluster formation and evolution the primordial binary population takes on the following meaning. It is the final population predicted by simulations of the formation of binaries and star clusters, and it is the initial population for simulations that follow the evolution of star clusters and take into account the details of stellar dynamics and star and binary evolution. The primordial binary population as defined in this paper can be identified with the initial binary population, defined by Kroupa (1995b) as the binary population at the instant in time when the pre-main-sequence eigenevolution has ceased, and when dynamical evolution of the stellar cluster becomes effective. Kroupa (1995a,c) infers the initial binary population by the socalled inverse dynamical population synthesis technique. This method involves the evolution of simulated stellar clusters forward in time for different initial binary populations, where the simulations are repeated until a satisfactory fit with the present day binary population is found.
Our aim is to obtain a detailed observational characterization of the primordial binary population as a function of stellar mass, binary parameters, and (star forming) environment. The most likely sites where this population can be found are very young (i.e., freshly exposed), low density stellar groupings containing a wide spectrum of stellar masses. The youth of such a stellar grouping implies that stellar evolution will have affected the binary parameters of only a handful of the most massive systems. The low stellar densities guarantee that little dynamical evolution has taken place after the gas has been removed from the forming system. These constraints naturally lead to the study of the local ensemble of OB associations. Star clusters are older and have a higher density than OB associations and are therefore less favorable. For example, in the Hyades and Pleiades, the binary population has significantly changed due to dynamical and stellar evolution (Kroupa, 1995c) . Note that OB associations may start out as dense clusters (Kroupa, Aarseth, & Hurley, 2001; Kroupa & Boily, 2002) . However, they rapidly expel their gas and evolve to lowdensity systems. This halts any further dynamical evolution of the binary population. Brown et al. (1999) define OB associations as "young ( < ∼ 50 Myr) stellar groupings of low density ( 0.1M ⊙ pc −3 ) -such that they are likely to be unbound -containing a significant population of B stars." Their projected dimensions range from ∼ 10 to ∼ 100 pc and their mass spectra cover the mass range from O stars all the way down to brown dwarfs. For reviews on OB associations we refer to Blaauw (1991) and Brown et al. (1999) . Thanks to the Hipparcos Catalogue (ESA 1997) the stellar content of the nearby OB associations has been established with unprecedented accuracy to a completeness limit of V ∼ 10.5 mag, or about 1 M ⊙ for the stars in the nearest associations Hoogerwerf, 2000) . Beyond this limit the population of low-mass premain-sequence stars has been intensively studied in, e.g., the Sco OB2 association (Preibisch et al., 2002; Mamajek et al., 2002) .
The latter is also the closest and best studied of the OB associations in the solar vicinity and has been the most extensively surveyed for binaries. The association consists of three subgroups: Upper Scorpius (US, near the Ophiuchus star forming region, at a distance of 145 pc), Upper Centaurus Lupus (UCL, 140 pc) and Lower Centaurus Crux (LCC, 118 pc). The ages of the subgroups range from 5 to ∼ 20 Myr and their stellar content has been established from OB stars down to brown dwarfs. (for details see de Geus, de Zeeuw, & Lub, 1989; de Zeeuw et al., 1999; de Bruijne, 1999; Hoogerwerf, 2000; Mamajek et al., 2002; Preibisch et al., 2002) . Surveys targeting the binary population of Sco OB2 include the radialvelocity study by Levato et al. (1987) , the speckle interferometry study by Köhler et al. (2000) , and the adaptive optics study by Shatsky & Tokovinin (2002) . Because of their brightness many of the B-star members of Sco OB2 have been included in numerous binary star surveys, in which a variety of techniques have been employed. The literature data on the binary population in Sco OB2 is discussed by Brown (2001) and reveals that between 30 and 40 per cent of the Hipparcos members of Sco OB2 are known to be binary or multiple systems.
However, these data are incomplete and suffer from severe selection effects, which, if not properly understood, will prevent a meaningful interpretation of the multiplicity data for this association in terms of the primordial binary population. The first problem can be addressed by additional multiplicity surveys of Sco OB2. In this paper we report on our adaptive optics survey of Sco OB2 which was aimed at surveying all the Hipparcos members of spectral type A and late B, using the ADONIS instrument on the 3.6m telescope at ESO, La Silla.
We begin by describing in Sect. 2 our observations, the data reduction procedures and how stellar components other than the target stars were detected in our images. These components have to be separated into background stars and candidate physical companions. We describe how this was done in Sect. 3. The properties of the physical companions are described in Sect. 4. In Sect. 5 we discuss which of the physical companions are new by comparing our observations to data in the literature and we provide updated statistics of the binary population in Sco OB2. We summarize this work in Sect. 6 and outline the next steps of this study which are aimed at addressing in detail the problem of selection biases associated with multiplicity surveys and subsequently characterizing the primordial binary population.
Observations and data reduction

Definition of the sample
A census of the stellar content of the three subgroups of Sco OB2 based on positions, proper motions, and parallaxes was presented by de Zeeuw et al. (1999) . Our sample is extracted from their list of Hipparcos member stars and consists of A and B stars. In order to avoid saturating the detector during the observations, we were restricted to observing stars fainter than V ∼ 6 mag. The sample therefore consists mainly of late-B and A stars which at the mean distance of Sco OB2 (130 pc) corresponds to stars with 6 mag V 9 mag, which translates to very similar limits in K S . We observed 199 stars from the resulting Hipparcos member sample (Table 1) . Not all late-B and A member stars could be observed due to time limitations. The distribution of target stars over spectral type is: 83 (157) B, 113 (157) A, 2 (138) F, and 1 (48) G, where the numbers in brackets denote the total number of Sco OB2 Hipparcos members of the corresponding spectral type.
Observations
The observations were performed with the ADONIS/SHARPII+ system (Beuzit et al., 1997) on the ESO 3.6 meter telescope at La Silla, Chile. This is an adaptive optics system coupled to an infrared camera with a NICMOS3 detector array. The corresponding Strehl ratios for these observations are 18% in J, 26% in H and 31% in K S .
Our observing campaign was carried out in two periods: a period from May 31 to June 4, 2000, and one from June 5 to 9, 2001. Out of the eight observing nights about 1.5 were lost due to a combination of bad weather and technical problems. Each target star is observed in the K S (2.154 µm) band. A subset is additionally observed in the J (1.253 µm) and H (1.643 µm) band. In our search for companion stars, near-infrared observations offer an advantage over observations in the optical. In the near-infrared the luminosity contrast between the primary star and its (often later type) companion(s) is lower, which facilitates the detection of faint companions. The performance of the AO system is measured by the Strehl ratio, which is the ratio between the maximum of the ideal point spread function (PSF) of the system and the measured maximum of the PSF. Typical values for the Strehl ratio in our observations were 5-15% in J, 15-20% in H and 20-35% in K S (Figure 1) .
Each star was observed at four complementary pointings in order to enhance the sensitivity of the search for close companions and to maximize the available field of view (Figure 2) . The two components of the known and relatively wide binaries HIP77315/HIP77315 and HIP80324 were observed individually and combined afterwards. For all targets each observation consists of 4 sets of 30 frames (i.e. 4 data cubes). The integration time for each frame was 200 − 2000 ms, depending on the brightness of the source. After each observation, thirty sky frames with integration times equal to those of the corre- sponding target star were taken in order to measure background emission. The sky frames were taken 10 arcmin away from the target star and care was taken that no bright star was present in the sky frame. Nevertheless, several sky frames contain faint background stars. The error on the target star flux determination due to these background stars is less than 0.06% of the target star flux and therefore negligible for our purposes. Dark frames and flatfield exposures (using the internal lamp) were taken and standard stars were regularly observed.
We did not use the coronograph in our setup. The coronograph obscures most of the target star's flux, which complicates flux calibration of the target stars and their companions. Furthermore, the use of the coronograph prevents detection of close companions with angular separations less than 1 ′′ . The advantage of the coronograph is that one can detect fainter objects, which would otherwise remain undetected due to saturation of the target stars. However, the large majority of these faint components are likely background stars (see §3).
Data reduction procedures
The primary data reduction was performed with the ECLIPSE package (Devillard, 1997) . Information about the sensitivity of each pixel is derived from the (dark current subtracted) flatfield images with different exposure times. The number of counts as a function of integration time is linearly fitted for each pixel. The results are linear gain maps (pixel sensitivity maps) for each filter and observing night. Bad pixel maps for each observing run and filter are derived from the linear gain maps: each pixel with a deviation larger than 3σ from the median is flagged as a bad pixel. The average sky map is subtracted from the corresponding standard star and target star data cubes. The resulting data cubes are then corrected using the dark current maps, the linear gain maps, and bad pixel maps.
Image selection and image combination was done with software that was written specifically for this purpose. Before combination, frames with low Strehl ratios with respect to the median were removed. Saturated frames (i.e. where the stellar flux exceeds the SHARPII+ linearity limit) and frames with severe wavefront correction errors were also removed. The other frames were combined by taking the median. Typically, about 2 to 3 out of 30 frames were rejected before combination.
Component detection
We used the STARFINDER package (Diolaiti et al., 2000) to determine the position and instrumental flux of all objects in the images. For each component other than the target star we additionally measured the correlation between the PSF of the target star and that of the component. Components with peak fluxes less than 2 to 3 times the noise in the data, or with correlation coefficients less than ∼ 0.7, were considered as spurious detections.
Since the PSF of the target star is generally not smooth, it was sometimes difficult to decide whether a speckle in the PSF halo of the star is a stellar component, or merely a part of the PSF structure. In this case four diagnostics were used to discriminate between stellar components and PSF artifacts. First, a comparison between the images with the target star located in four different quadrants was made. Objects that do not appear in all quadrants where they could be detected were considered artifacts. Second, a similar comparison was done with the individual uncombined raw data frames. Third, a radial profile was fit to the PSF and subtracted from the image to increase the contrast, so that the stellar component becomes more obvious. And finally, a comparison between the PSF of the target star and the PSF of the star previous or next in the program with a similar position on the sky was made by blinking the two images. These two PSFs are expected to be similar and therefore faint close companion stars can be detected.
In total we detect 151 stellar components other than the target stars. A significant fraction of these 151 components are background stars (see § 3). All other components are companion stars. Figure 3 shows the K S magnitude of the companion and background stars as a function of angular separation ρ between the target star and the companion or background stars. The same plot also shows ∆K S = K S ,component − K S ,primary as a function of ρ. Previously unknown companion stars (see § 5.1) and known companions are indicated with the dots and the plusses, respectively. The background stars (see § 3) are represented with triangles. This figure shows that the detection probability of companion stars increases with increasing angular separation and decreasing magnitude difference, as expected. The lower magnitude limit for component detection is determined by the background noise; the lower limit for the angular separation is set by the PSF delivered by the AO system. Note that not all detected components are necessarily companion stars. A simple criterion is used to separate the companion stars (K S < 12 mag) and the background stars (K S > 12 mag). See § 3 for the motivation of this choice.
The estimated detection limit as a function of angular separation and companion star flux is represented in Figure 3 with a solid curve. The detection limit is based on K S band measurements of simulated companion stars around the B9 V target star HIP65178. In the image we artificially added a second component, by scaling and shifting a copy of the original PSF, thus varying the desired flux and angular separation of the simulated companion. We sampled 30 values for the companion flux linearly in the range 9.35 mag ≤ K S ≤ 15.11 mag, and 40 values for the angular separation between primary and companion linearly in the range 0.05 ′′ ≤ ρ ≤ 2 ′′ . For each value of the angular separation we determined the minimum flux for which the companion star is detectable (i.e. with a peak flux of 2 − 3 times the noise in the data). In order to minimize biases, we repeated this procedure for four different position angles and averaged the results. The standard deviation of the detection limit is 0.07 ′′ at a given magnitude and 0.35 mag at a given angular separation. Similar simulations with other target stars (e.g., HIP58859, Strehl ratio = 8%; HIP76048, Strehl ratio = 27%) show that the detection limit for the observations with different Strehl ratios is comparable to that of HIP65178 (Strehl ratio = 40%). All target stars are of spectral type A or late-B and have comparable distances. The detection limit shown in Figure 3 is therefore representative for our sample.
Photometry
Near-infrared magnitudes for the observed standard stars are taken from van der Bliek, Manfroid, & Bouchet (1996) , Carter & Meadows (1995) , and the 2MASS catalog. All magnitudes are converted to the 2MASS system using the transformation formulae of Carpenter (2001) . The standard stars HD101452, HD190285 and HD96654 were found to be double. The fluxes for the primary and secondary of the standard stars HD101452 and HD96654 are added for calibration, since the secondaries are unresolved in van der Bliek, Manfroid, & Bouchet (1996) . For HD190285, only the flux of the primary is used for calibration since the secondary is resolved in the 2MASS catalog.
The zeropoint magnitudes are calculated for each observing night and each filter individually. There are non-negligible photometric zeropoint differences between the four detector quadrants. Application of the reduction procedure to simulated observations (but using the ADONIS/SHARPII+ dark frames and flatfield exposures) also shows this zeropoint offset, unless the flatfielding was omitted. Hence, the zeropoint offset between the four quadrants is caused by large-scale variations in the flatfield exposures. The four detector quadrants were consequently calibrated independently.
Since the distribution of observed standard stars over airmass is not sufficient to solve for the extinction coefficient k, we use the mean extinction coefficients for La Silla 2 : k J = 0.081 mag/airmass, k H = 0.058 mag/airmass and k K S = 0.113 mag/airmass. The standard stars have similar spectral type as the target stars, which allows us to neglect the color term in the photometric solution.
Background stars
Not all of the 151 stellar components that we find around the target stars are companion stars. The chance that a foreground or background star is present in the field is not negligible. There are several techniques that can be applied to determine whether a detected component is a background star or a probable companion star.
Separation of the objects based on the position of the component in the color-magnitude diagram (CMD) is often applied to discriminate background stars from companion stars (see, e.g., Shatsky & Tokovinin, 2002) . Given a certain age of the population, a companion star should be found close to the isochrone that corresponds to that age. When age and distance spread are properly taken into account, this method provides an accurate estimate of the status of the object. We are unable to apply this technique to our data since only a small fraction of our observations is multi-color (see § 4.2 and Figure 10 ).
Following Shatsky & Tokovinin (2002) we use a simple brightness criterion to separate the companion stars (K S ≤ 12 mag) and the background stars (K S > 12 mag). At the typical distance of a Sco OB2, an M5 main sequence star has approximately K S = 12 mag. The three subgroups of Sco OB2 are located at distances of 145, 140, and 118 pc. We assume an age of 5 Myr for US (de Geus, de Zeeuw, & Lub, 1989; Preibisch & Zinnecker, 1999) , and 20 Myr for UCL and LCC (Mamajek et al., 2002) . Using the isochrones described in § 4.3, we find that stars with K S = 12 mag correspond to stars with masses of 0.08 M ⊙ , 0.18 M ⊙ , and 0.13 M ⊙ for US, UCL, and LCC, respectively. Using the K S = 12 mag criterion we conclude that 77 out of 151 components are likely background stars. The remaining 74 components are thus candidate companion stars.
Although this K S = 12 mag criterion works well for stars, it is not very accurate below the hydrogen burning limit. Martín et al. (2004) found 28 candidate brown dwarf members of the US subgroup using I, J, and K photometry from the DENIS database. All members have 10.9 mag ≤ K ≤ 13.7 mag and their spectral types are in the range M5.5-M9. According to the K S = 12 mag criterion, 19 of these brown dwarfs would be classified as companion stars and 8 as background stars (one brown dwarf does not have a K magnitude entry). A significant fraction of possible brown dwarf companion stars to our observed target stars would be classified as background stars.
In this study we cannot determine with absolute certainty whether a detected component is a companion star or a background star. For example, a foreground star with K S > 12 mag will not be excluded by the criterion described above. However, the differences between the companion star distribution and the background star distribution can be used to find out if the results are plausible or not. For this purpose, we derive the expected distribution of background stars per unit of angular separation P(ρ), position angle Q(ϕ), and K S band magnitude R(K S ) for the background stars.
Background stars are expected to be uniformly distributed over the image field with a surface density of Σ stars per unit of solid angle. The number of observed background stars P(ρ) per unit of angular separation ρ is given by
where Ω ρ is the part of the field of view contained within a circle with radius ρ centered on the reference object (the target star). In calculating the expected P(ρ) for our observations, we assume that the reference object is located in the center of the field of view. For a square field of view with dimension L, Equation 1 then becomes
For our observing strategy ( Figure 2 ) we have L = 3 2 · 12.76 ′′ = 19.14 ′′ . For ρ ≤ L/2 = 9.6 ′′ the background star density for constant K S is proportional to ρ, after which it decreases down to 0 at ρ = L/ √ 2 = 13.6 ′′ . Here we have made the assumption that each target is exactly in the center of each quadrant.
We can also calculate Q(ϕ), the expected distribution of background stars over position angle ϕ.
The above calculations apply to an ideal situation of our observing strategy. In practice, the target star is not always exactly centered in one detector quadrant, which influences P(ρ) and Shatsky & Tokovinin (2002) analysed the background stars in their sky frames taken next to their science targets in Sco OB2. We use their data to derive R(K S ), the expected K S magnitude distribution for background stars. We fit a second order polynomial to the logarithm of the cumulative K S as a function of K S of the background stars (Figure 4 in Shatsky & Tokovinin, 2002) . In our fit we only include background stars with 12 mag < K S < 16 mag since that is the K S magnitude range of the presumed background stars. The K S magnitude distribution f (K S ) is then given by the derivative of the cumulative K S distribution. Figure 4 shows the companion star and background star distribution as a function of angular separation. The two distributions are clearly different. The companion stars are more centrally concentrated than the background stars. The solid curve represents P(ρ), normalized in such a way that the number of stars corresponds to the expected number of background stars with 12 mag < K S < 16 mag (see below and Figure 5 ). More background stars are present at angular separation 4 ′′ < ρ < 6 ′′ relative to what is expected. This is confirmed with a Kolmogorov-Smirnov (KS) test. The KS test is usually quantified with the "KS significance", which ranges from 0 to 1 and corresponds to the probability that the two datasets are drawn from the same underlying distribution. For this KS comparison we only consider those background stars 3 This formula is also valid for 90
• , and 270
ϕ for all other position angles between 0
• and 360
• .
with ρ ≤ L/ √ 2 = 9.6 ′′ . For background stars with ρ > 9.6 ′′ we expect the predicted distribution to differ slightly from the observed distribution (see above). We find a KS significance level of 1.8×10 −4 , which implies that the excess of background stars with 4 ′′ < ρ < 6 ′′ is real, assuming that the simple model for the angular separation distribution is correct. The excess of close background stars might be caused by faint (K S > 12 mag) companion stars which are misclassified as background stars.
The position angle distribution of companion stars and background stars is shown in Figure 6 . The objects are expected to be randomly distributed over position angle for ρ ≤ L/2 = 9.6 ′′ , which is illustrated in Figure 6 . For objects with ρ ≤ L/2 = 9.6
′′ we find that, as expected, the position angle distribution is random, for both the companion stars (KS significance level 0.86) and the background stars (KS significance level 0.84). For angular separations larger than 9.6 ′′ the objects are primarily found in the 'corners' of the image (ϕ = 45
• , 135
• ). The expected number of background stars per unit of angular separation and unit of magnitude, R(K S )P(ρ) is plotted in Figure 5 . We observe 19 background stars in the region 14 mag ≤ K S ≤ 15 mag and 5 ′′ ≤ ρ ≤ 13 ′′ and normalize the theoretical background star density accordingly. The brightness of the PSF halo can explain the smaller number of background stars than expected for ρ < ∼ 2.5 ′′ and K S > ∼ 15 mag. The predicted strong decline in background stars for ρ > ∼ 10 ′′ is present in the observations. Few background objects with 12 mag < K S < 14 mag are expected in the angular separation range of 2 ′′ − 4 ′′ . The distribution of the detected candidate companions and background stars on the sky is shown in Figure 7 . The covered fields close to the Galactic plane include a larger number of background stars, as expected. This is even better visible in Figure 8 , which shows the distribution of observed objects over Galactic latitude. The distribution of Sco OB2 Hipparcos member stars over Galactic latitude is similar to that of the companion stars.
In principle, it is also possible that another (undocumented) member star of Sco OB2 projects close to the target star. The status of these stars (companion star or "background star") cannot be determined with the CMD or the K S = 12 mag criterion. Preibisch et al. (2002) estimate the number of member stars in the US subgroup in the range 0.1 − 20 M ⊙ to be about 2500. This corresponds roughly to a stellar surface density of 8×10 −7 star arcsec −2 . The chance of finding another US member star (i.e. not a binary companion) in a randomly pointed observation of US is of the order 0.03%. The detection probabilities for the other two subgroups of Sco OB2 are similarly small and negligible for our purpose.
Properties of the companion stars
General properties
The angular separation distribution of the companion stars is centrally concentrated (Figures 4 and 6 ). The error in the angular separation is typically 0.0015 ′′ . Faint (K S > ∼ 11 mag) objects with angular separation less than ρ ≈ 0.8
′′ cannot be 8 M.B.N. Kouwenhoven et al.: The Primordial Binary Population detected in the presence of the PSF halo of the bright primary star, while the upper limit of 13.5 ′′ is determined by the field of view. The distribution over position angle is random for ρ ≤ L/2 = 9.6 ′′ , as expected (see § 3). The median error in position angle is 0.03
• , increasing with decreasing angular separation.
Two observed systems are clearly hierarchical triples where a double 'secondary' orbits the primary star. These are HIP68532, where the double 'secondary' has ρ = 3.1 ′′ and ϕ = 290
• , and HIP69113, with ϕ = 65
• and ρ = 5.4 ′′ . HIP69113 has a third companion star with ρ = 28.6
′′ and ϕ = 35
• Duflot, Figon, & Meyssonnier (1995) . This star is not observed in our survey because of the large distance from the primary star. The nature of the HIP69113 system is extensively discussed by Huélamo et al. (2001) . Figure 9 shows HIP68532 and HIP69113 with companion stars. The target stars HIP52357, HIP61796, and HIP81972 also have two companion stars. The two companion stars of each of these systems have approximately the same angular separation and position angle, but it is unclear whether these systems are hierarchical in the way described above.
The 199 observed primaries have a K S magnitude range of 5.2 − 8.3 mag. The K S magnitudes of the companion stars ( Figure 3 ) range from K S = 6.4 mag to 12.0 mag, the upper limit resulting from the criterion that was used to remove the background stars from the sample. The primaries in our sample all have similar spectral type, distance, and interstellar extinction. The magnitude of the companions relative to that of their primaries, ∆K S , spans the range from 0.0 mag to 6.0 mag. The median error is 0.05 mag in J, 0.04 mag in H, 0.07 mag in K S , and 0.075 mag in J − K.
Properties of the 199 target stars, 74 candidate companion stars, and 77 presumed background stars are listed in Table 1 . The name of the star is followed by the J, H, and K S magnitude. If the magnitude is derived from measurements done under non-photometric conditions, a remark is placed in the last column. The spectral type of each primary is taken from the Hipparcos catalogue. The angular separation and position angle (measured from North to East) are derived from the combination of all available observations for a particular star. For each star we also list the status (p = primary star, c = candidate companion star, nc = new candidate companion star, b = background star) and the subgroup membership.
Color-magnitude diagram and isochrones
In § 3 we mentioned that it is possible to separate background stars and companion stars using their position in the CMD. In this section we derive the absolute magnitude M K S for all observed objects. We additionally derive colors for objects with multi-color observations. Only measurements obtained under photometric conditions are used. We construct a CMD and determine whether the observed components are background stars or companion stars by comparing their position in the CMD to that of the isochrones. In § 4.3 we will use the absolute magnitude M K S and the isochrones to derive the masses of the primary and companion stars.
We calculate the absolute magnitude M K S using the distance D and extinction A K S for each target star individually. In de Bruijne (1999) the distance to the Sco OB2 member stars is derived from the secular parallax π sec . The secular parallax is calculated from the observed positions and proper motions of member stars, where the fact that all stars in an association share the same space motion is exploited. The secular parallax can be up to more than two times as precise compared to the Hipparcos parallax. Secular parallaxes with g = 9 are used when available, and with g = ∞ otherwise (g measures the model-observation discrepancy; see de Bruijne, 1999, for details). The interstellar extinction is also taken from de Bruijne (1999). For the stars that do not have an extinction entry in de Bruijne (1999) , an estimate of the extinction is calculated using:
where R V = 3.2 is the standard ratio of total-to-selective extinction (see, e.g., Savage & Mathis, 1979) . The value 9.3 is the ratio between V band and K S band extinction (Mathis, 1990) , and
is the color listed in de Bruijne (1999). The theoretical color (B − V) 0 is derived from the spectral type using the broadband data for main sequence stars in Kenyon & Hartmann (1995) . The extinction for the UCL member HIP68958 (spectral type Ap...) is not listed in de Bruijne (1999) and could not be derived from Kenyon & Hartmann (1995) . We therefore take A V,HIP68958 = 0.063 mag. This is the median A V value for those UCL member stars which have full photometric data in de Bruijne (1999).
Only for a subset of observed targets observations in more than one filter are available; the corresponding CMDs are plotted in Figure 10 . The observed primary stars are all of similar spectral type but show scatter in M K S , J − K, and H − K. This can be explained by the errors in near-infrared photometry, which are typically 0.07 mag for our observations. The uncertainties in the parallax and reddening introduce an additional error when calculating the absolute magnitudes. Median errors in M J and M K are consequently about 0.36 mag. The colors J − K and H − K have median errors of 0.02 mag and 0.06 mag, respectively.
Given the age of the three Sco OB2 subgroups, not all objects are expected to be positioned on the main sequence. For the young age of Sco OB2, stars of spectral type G or later have not reached the main sequence yet, while the O stars have already evolved away from the main sequence. The age differences between the Sco OB2 subgroups are relatively well-determined. Different values for the absolute ages are derived from the kinematics of the subgroups (Blaauw, 1964 (Blaauw, , 1978 and stellar evolution (de Zeeuw & Brand, 1985; de Geus, de Zeeuw, & Lub, 1989; Preibisch et al., 2002; Mamajek et al., 2002; Sartori, Lépine, & Dias, 2003) . The age of the US subgroup is 5 Myr, without a significant age spread (de Zeeuw & Brand, 1985; de Geus, de Zeeuw, & Lub, 1989; Preibisch et al., 2002) . Mamajek et al. (2002) derive an age between 15 and 22 Myr for members of UCL and 17 and 23 Myr for members of LCC. In this paper we adopt an age of 20 Myr for both UCL and LCC. We construct isochrones which are very similar to those described in Preibisch et al. (2002) . For the low-mass stars (M < 0.7 M ⊙ ) we use exactly the same isochrone as Preibisch et al. (2002) : we use the models from Chabrier et al. (2000) , which are based on those from Baraffe et al. (1998) For 0.02 ≤ M/M ⊙ < 0.7 we take the models with [M/H] = 0 and L mix = H P , where L mix is the mixing length and H P the pressure scale height. For 0.7 ≤ M/M ⊙ < 1 we use the models with [M/H] = 0 and L mix = 1.9H P . We use the models described in Palla & Stahler (1999) for 1 ≤ M/M ⊙ < 2. Near-infrared magnitude tracks, derived using the procedure described in Testi, Palla, & Natta (1998) The resulting 5 Myr isochrone (for US) and 20 Myr isochrone (for UCL and LCC) are plotted in Figure 10 . Both isochrones are continuous. Figure 11 shows the relationship between stellar mass and K-band absolute magnitude for 5 Myr and 20 Myr populations. The gray-shaded area in Figures 10  and 11 is enclosed by the 15 Myr and 23 Myr isochrones, and shows the effect of the age uncertainty in the UCL and LCC subgroups.
The positions of the primary and companion stars in the CMD are consistent with the isochrones (except the companion of the LCC member star HIP53701). No obvious correlation of the position of these primaries in the CMD with spectral type is present due to the errors in the colors and magnitudes. The presumed background stars are located far from the isochrones in the CMD, supporting our hypothesis that they are indeed background stars.
In Figure 10 we added the candidate brown dwarf members in US from Martín et al. (2004) . We estimate the absolute magnitude of these brown dwarfs using the mean US distance of 145 pc and the mean extinction A K = 0.050 mag (see below). The colors and magnitudes of these objects are consistent with the 5 Myr isochrone (solid curve), as is expected for US member stars.
Masses and mass ratios
We derive the mass of the primary and companion stars from their M K S magnitude using the isochrones described in § 4.2 (Figures 10 and 11) . We use the 5 Myr isochrone for US and the 20 Myr isochrone for UCL and LCC. The conversion from M K S to mass is most accurate for B-and A-type stars, where the absolute value of the derivative dM/dM K S is small. We find masses between 1.4 M ⊙ and 7.7 M ⊙ for the primaries and masses between 0.1 M ⊙ and 3.0 M ⊙ for the companions. Given the error ∆M K S on M K S , we calculate for each star the masses M − and M + that correspond to M K S − ∆M K S and M K S + ∆M K S . We define the error on the mass to be 1 2 (M + − M − ). The median of the error in the mass, which is a lower limit for the real error, is 0.4 M ⊙ for the primaries and 0.1 M ⊙ for the companions.
Figure 12 (top) shows the mass distribution of the companion stars and of the primary stars to which they belong. The mass distribution of the observed target stars without companions is similar to the latter. The plot showing companion star mass as a function of angular separation (Figure 12 , bottom) closely resembles Figure 3 . The reason for this is that the companion star mass is derived from the K S magnitude.
The mass ratio q and error are calculated for each primarycompanion pair. The median formal error on the mass ratio is 0.07 and is to first order proportional to that of the companion star mass. The real error on the mass ratio is most likely larger than the formal error stated above. As indicated by Shatsky & Tokovinin (2002) , the mass ratio of a system primarily depends on the magnitude difference between primary and secondary.
The mass ratio distribution is shown in Figures 13 and 14 . The smallest mass ratios are found for the companions of HIP80474 (q = 0.022 ± 0.008) and HIP77911 (q = 0.035 ± 0.012). This corresponds well with the expected minimum value for q: a typical primary in our sample has spectral type A0 V (2 M ⊙ ), while the least massive companions considered have K S = 12 mag (∼ 0.1 M ⊙ ), giving q = 0.05. The systems with large mass ratio (q > 0.9) are HIP80324 (q = 0.91 ± 0.23), HIP50520 (q = 0.93 ± 0.19), HIP80238 (q = 0.94 ± 0.29), HIP64515 (q = 0.94 ± 0.15), HIP61639 (q = 0.95 ± 0.15), and HIP52357 (q = 1.00 ± 0.34). Note that for these systems the possibility that q > 1 is included. Due to the error in the mass it is not possible to say which star in these systems is more massive, and hence, which is the primary star. Although the uncertainty in the age of UCL and LCC is not negligible, the effect on the mass ratio distribution is small (gray-shaded areas in Figure 14) . (2002) we fit a power-law of the form f (q) = q −Γ to the mass ratio distribution. We find that models with Γ = 0.33 fit our observations best (KS significance level 0.33). The error in Γ due to the age uncertainties in the UCL and LCC subgroups is 0.02. This is in good agreement with Shatsky & Tokovinin (2002) , who surveyed 115 Btype stars in Sco OB2 for binarity and observed 37 physical companions around these stars. They find Γ = 0.3 − 0.5 for their mass ratio distribution. We observe an excess of systems with q ∼ 0.1 with respect to what is expected for models with Γ = 0.33. This could partially be explained by bright background stars that are misclassified as companion stars, but this is unlikely to be an important effect (see § 3). The observational biases (e.g. the detection limit) are not taken into account here. For a more detailed description of the effect of observational biases on the mass ratio distribution we refer to Hogeveen (1990) and Tout (1991) .
Following Shatsky & Tokovinin
The cumulative mass ratio distribution F(q) can also be described as a curve consisting of two line segments. We fit and find that the mass ratio distribution closely follows the function F(q) = 2.63q − 0.067 for 0.03 < q ≤ 0.19 0.72q + 0.294 for 0.19 < q ≤ 0.97,
with a root-mean-square residual of 0.019 (see Figure 14) . We investigate whether the observed mass ratio distribution could be the result of random pairing between primary stars and companion stars, such as observed for solar-type stars in the solar neighbourhood (Duquennoy & Mayor, 1991) . To this end, we use Monte Carlo simulations to calculate the mass ratio distribution that is expected for random pairing.
The current knowledge about the brown dwarf population in Sco OB2 is incomplete (e.g., Table 2 in Preibisch, Stanke, & Zinnecker, 2003) . Therefore we make a comparison with the mass ratio distribution resulting from two different initial mass functions (IMFs) (IMF −0.3 and IMF 2.5 ), which differ in slope dN/dM for substellar masses.
For M ≥ 0.10 M ⊙ IMF α is equal to the IMF in US that was derived by Preibisch et al. (2002) . The Preibisch et al. (2002) IMF is extrapolated down to M = 0.08 M ⊙ . For 0.02 ≤ M/M ⊙ < 0.08 we consider α = −0.3 (Kroupa, 2002) and α = 2.5 (Preibisch, Stanke, & Zinnecker, 2003, Fit I) . Most other models described in Preibisch, Stanke, & Zinnecker (2003) have −0.3 < α < 2.5 for 0.02 ≤ M/M ⊙ < 0.08. We draw the primary and secondary stars from IMF α . Primary and secondary masses are independently drawn from the mass range [0.02, 20] M ⊙ and are swapped if necessary, so that the primary star is the most massive. Only those systems with primary mass larger than 1.4 M ⊙ and smaller than 7.7 M ⊙ are considered. We calculate the resulting mass ratio distribution. A KS comparison between the mass ratio distribution resulting from random pairing and the observed distribution shows that the random-pairing hypothesis can be rejected for both IMF −0.3 and IMF 2.5 . This is clearly visible in Figure 14 .
Random pairing requires more systems with low mass ratio than we observe. The error in the mass ratio (ranging between 0.008 and 0.34) cannot compensate for the lack of faint companions. Even if all close (ρ ≤ 4) background stars are treated as low-mass companions, random pairing is excluded. Hence, there is a deficit of low-mass companions around late-B and A type stars compared to what is expected from random pairing.
Several observed primary stars are actually unresolved binary systems. Since we derive the mass for this 'primary' using the total K S flux of such an unresolved system, we introduce an error in the mass and hence the mass ratio. Out of the 199 observed primary stars 18 are known spectroscopic binaries (14 in US, 3 in UCL, and 1 in LCC). These binary systems are too tight to be resolved in our AO survey. We observe companion stars around three of these primaries: HIP77911, HIP77939, and HIP79739 (all in US). For these systems we expect the mass ratio, which we define here as the mass of the companion star divided by the total mass of the inner part of the system, to deviate significanly from the value derived from our nearinfrared observations.
A closer inspection of Figure 3 reveals a lack of stellar components with ρ ≤ 3.75 ′′ and 12 mag < ∼ K S < ∼ 14 mag. If companion stars or background stars with these properties exist, we should have seen them. In § 3 we showed that few background stars are expected in this region. For example, the brown dwarfs (M5.5-M9) detected by Martín et al. (2004) in US have 11 mag < ∼ K < ∼ 14 mag. If similar objects within ρ ≤ 3.75
′′ were present, they would have been detected. This 'gap' is not the result of observational biases: the detection limit shows that objects with these properties are detectable.
In order to find out if this 'gap' is expected, we generate a stellar population using a Monte Carlo process and twodimensional two-sample KS tests. For comparison with the simulated data we only consider the 59 observed companion and background stars with ρ ≤ 4 ′′ . Objects with ρ > 4 ′′ are not relevant for this test and might introduce biases due to observational selection effects. We randomly draw primary and secondary masses in the mass range [0.02, 20] M ⊙ . We select only those binaries for which the primary mass is in the range [1.4, 7.7] M ⊙ . Sets of 59 binary systems are created for IMF −0.3 and IMF 2.5 (Equation 5). The masses are converted into K S magnitudes using a distance of 145 pc and the 5 Myr isochrone described in § 4.2. The angular separations for the secondaries are drawn from a uniform distribution in [0 ′′ , 4 ′′ ]. We create 10 3 realizations which are compared to the observations. For IMF −0.3 we find a mean KS significance level of 3.5 × 10 −3 , while for IMF 2.5 we find 3.2 × 10 −3 . We repeated the procedure described above with another angular separation distribution: ∂N/∂ρ ∝ ρ for ρ ∈ [0 ′′ , 4 ′′ ] (Öpik's law). We find mean KS sigificance levels of 8.2 × 10 −5 and 6.5 × 10 −5 for IMF −0.3 and IMF 2.5 , respectively. It is therefore unlikely that the observed distribution (including the 'gap') is drawn from the IMFs and angular separation distributions as described above.
Several faint close components with ρ ≤ 3.75 ′′ below the 'gap' (K S > ∼ 14 mag) are detected. These objects are found next to the target stars HIP61265, HIP67260, HIP73937, HIP78968, HIP79098, HIP79410, and HIP81949. The Strehl ratios in K S of the corresponding observations (∼ 20%) are typical. The detection of these close, faint components therefore cannot be expained by a better performance of the AO system during the observation of these objects. The target stars corresponding to these objects are not particularly faint; the luminosity contrast between the target star and the faint close components is typical. These objects are background stars according to our selection criterion. However, there is a possibility that these objects are close brown dwarfs with masses < ∼ 0.05 M ⊙ , where the conversion from K S to mass is strongly dependent on the age. This result implies that A and late-B stars do not have close companions with a mass less than about 0.1 M ⊙ , unless the assumed background stars are physical companions (and thus brown dwarfs). If so, a gap would be present in the companion mass distribution. Table 2 . References to literature data with spectroscopic, astrometric, eclipsing, and visual binaries in Sco OB2. Using these data we find that 33 out of the 74 candidate companion stars in our dataset were already documented in literature, while 41 were previously unknown.
Comparison with literature data
New companions
We compiled a list of known companion stars to all Hipparcos members of Sco OB2 using literature data on binarity and multiplicity. This includes spectroscopic, astrometric, eclipsing, and visual binaries. The references used are listed in Table 2 . Since the angular separation and position angle of companion stars change as a function of time, one has to take care that a 'newly' detected companion is not a displaced known companion star. It is therefore interesting to estimate how fast the angular separation and position angle change for the observed companion star. We obtained the primary mass M p and companion star mass M s in ( § 4.3) thus we can estimate the orbital period of the companion stars using Kepler's third law. If the orbit is circular and the system is seen face-on, the orbital period is given by P = 4π 2 (Dρ) 3 /G(M p + M s ), where D is the distance to the system, ρ the angular separation between primary and companion star, and G is the gravitational constant. In general, orbits are eccentric and inclined. However, the effect of nonzero eccentricity and inclination on the period is most likely only of the order of a few per cent (Leinert et al., 1993) .
In our survey we are sensitive to orbits with a period between approximately 50 yr and 50,000 yr. For most of the systems in our sample we find an orbital period of the order of a few thousand years. The literature data that we used are several decades old at most. The angular separation and position angle are not expected to have changed significantly over this time. If a star with significantly different values for ρ and/or ϕ Single stars  3  13  20  17  10  Visual  15  9  12  3  2  Astrometric  0  3  1  2  3  Spectroscopic  11  12  0  0  0  Upper Centaurus Lupus  Single stars  3  22  41  43  22  Visual  15  23  29  7  8  Astrometric  2  1  3  5  2  Spectroscopic  11  6  1  1 Table 3 . Binarity data for Sco OB2, showing the number of companion stars found with the different techniques. Literature data and the new companion stars described in this paper are included. The terms 'visual', 'astrometric', and 'spectroscopic' pertain only to available observations and not to in intrinsic properties of the systems. Note that each companion of a multiple system is included individually.
is discovered with respect to the known companion star, this star is considered to be new. Several close binary systems are observed. The shortest orbital periods that we find (assuming circular and face-on orbits) are those for the companions of HIP62026 (57 yr), HIP62179 (68 yr), HIP76001 (84 yr), HIP64515 (87 yr), HIP80461 (106 yr), HIP62002 (142 yr), and HIP67260 (213 yr). Differences in angular separation ρ and position angle ϕ are therefore expected with respect to previous measurements. For example, the observed star HIP76001 has two companions with angular separations ρ 1 and ρ 2 , and position angles ϕ 1 and ϕ 2 , respectively. In our AO survey we measure (ρ 1 , ϕ 1 ) = (0.25
• ) in 1993 and (ρ 2 , ϕ 2 ) = (1.54 ′′ , 130 • ) in 1991. Taking the changes in ρ and ϕ into account, we determine whether an observed companion star was documented before or whether it is new. Table 3 summarizes the current status on binarity for Sco OB2. The number of presently known companion stars is listed as a function of primary spectral type and detection method.
We define all companions that have only been detected with radial velocity studies as spectroscopic. All companions of which the presence of the companion has only been derived from astrometric studies of the primary are classified as astrometric. All other companions, i.e. those that have been detected with (AO) imaging, Speckle techniques, interferometry, etc., are classified as visual. Note that our classification refers only to available observations and not to intrinsic properties of the binary or multiple systems.
All candidate companions that are found with our AO survey are by definition visual. The overlap between the observed companions in our sample and the spectroscopic and astrometric binaries in literature is zero, although HIP78809 is flagged as "suspected non-single" in the Hipparcos catalogue. From our comparison with literature we find 41 new companions (14 in US; 13 in UCL; 14 in UCL), while 33 of the candidate companion stars were already documented.
Several of the stars currently known as 'single' could be unresolved systems. For a subset of the member stars, multiple companions have been detected using different techniques. Most systems with early spectral type primaries are found with spectroscopic methods. Amongst the A and F type stars, most Hipparcos member stars are single, although a fraction of these could be unresolved systems (see § 5.2).
Of the Sco OB2 Hipparcos member stars 37 are now known to be triple. Sixteen of these consist of a primary with two visual companions. Fifteen consist of a primary, a visual companion, and a spectroscopic companion. These are only found in UCL and LCC. Six consist of a primary, a spectroscopic companion and an astrometric companion. Five quadruple systems are known: two systems consisting of a primary and three visual companions (HIP69113 and HIP81972) and two consisting of a primary, two visual companions and a spectroscopic companion (HIP80112 and HIP78384). HIP77820 is the only quintuple system, consisting of a primary, three visual companions and one spectroscopic companion. The largest known system in Sco OB2 is HIP78374, which contains a primary, four visual companions and two spectroscopic companions.
Binary statistics
The binarity properties of a stellar population are usually quantified in 'binary fractions' (e.g., Reipurth & Zinnecker, 1993) . Two common definitions in use are the multiple system fraction F M and non-single star fraction F NS (since 1 − F NS is the fraction of stars that is single). Another frequently used quantity is the companion star fraction F C 4 , which measures the average number of companion stars per primary star. These quantities are defined as
where S , B, and T denote the number of single systems, binary systems and triple systems in the assocation. Table 4 shows several properties of the three subgroups, including the binary statistics that are updated with our new findings. Figure 15 shows the multiple system fraction F M as a function of spectral type of the primary for the three subgroups. For example, 86% of the B0-B3 type Hipparcos member stars of UCL have one or more known companion stars. Information et al., 1999) , the ages (de Geus, de Zeeuw, & Lub (1989); Preibisch et al. (2002) for US; Mamajek et al. (2002) for UCL and LCC), the number of known single stars, binary stars, triple systems and N > 3 systems, and the binary statistics (see § 5.2) .
about the number of companion stars and the spectral type of the companion stars around the primary is not shown in the figure. The new companion stars found in our AO survey are indicated with the darker shaded parts of the bars. A trend between multiplicity and the spectral type of the primary seems to be present, but this conclusion may well be premature when observational biases are not properly taken into account. Our detection of 41 new close companion stars shows that this is at least partially true: the number of A-type member stars which is in a binary/multiple system in US has doubled as a result of our survey. This strongly supports the statement made in Brown (2001) that the low multiplicity for A-and F-type stars can at least partially be explained by observational biases.
Conclusions and discussion
We carried out a near-infrared adaptive optics search for companions around 199 (mainly) A and late-B stars in the nearby OB association Sco OB2. Our sample is a selection of the Hipparcos membership list of Sco OB2 in de . We find a total of 151 stellar components around the target stars. We use a simple brightness criterion to separate candidate companion stars (K S < 12 mag) and probable background stars (K S > 12 mag). The validity of this criterion is verified in several ways ( § 3). Of the detected components, 77 are likely background stars, and 74 are candidate companion stars. The 74 candidate companions occupy the full range in K S magnitude, down to K S = 12 mag. At the distance of Sco OB2, an M5 main sequence star has a K S magnitude of approximately 12 mag. The angular separation between primary and companion ranges from 0.22 ′′ to 12.4 ′′ . These values correspond to orbital periods of several decades to several thousands of years.
The J, H, and K S magnitudes for all observed objects are corrected for distance and interstellar extinction to find the absolute magnitudes M J , M H , and M K S . The subset of the components with multi-color observations are plotted in a colormagnitude diagram. All (except one) candidate companion stars are positioned close to the 5 Myr (for US) and 20 Myr (for UCL and LCC) isochrones. The background stars are positioned far away from the isochrones.
For all observed primaries and companion stars the mass is derived from the absolute magnitude M K S . The mass of the A and late-B primaries ranges between 1.4 M ⊙ and 7.7 M ⊙ and the mass of their secondaries between 0.1 M ⊙ and 3.0 M ⊙ . Most observed companion stars are less massive than their primaries. Most of the systems with previously undocumented companion stars have a mass ratio smaller than 0.25. The mass ratio distribution for the observed objects peaks around q = 0.1 and decreases for higher mass ratios. The minimum and maximum value for the mass ratio of the companion stars that we observed are q = 0.022 ± 0.008 and 1.0 ± 0.34. For systems with mass ratio q ≈ 1 we cannot say with absolute certainty which is the most massive and therefore the primary star. The mass ratio distribution for binaries with late-B and A type primaries follows the distribution f (q) = q −Γ , with Γ = 0.33. This is similar to the mass ratio distribution observed by Shatsky & Tokovinin (2002) for systems with B type primaries. Relatively few systems with low mass ratio are found, excluding random pairing between primaries and companion stars. The uncertainty in the age of the UCL and LCC subgroups does not effect the mass ratio distribution significantly.
A cross-check with visual, astrometric and spectroscopic binaries in literature shows that 41 of the candidate companion stars are new: 14 in US; 13 in UCL and 14 in LCC. The other 33 candidate companions are already documented in literature. We analyze the presently known data on binarity and multiplicity in Sco OB2, including the 41 new companions that are found in our survey. We conclude that at least 41% of all Hipparcos member stars of Sco OB2 are either double or multiple, and we find a companion star fraction F C = 0.52. These values are lower limits since the dataset is affected by observational and selection biases.
Our AO observations are close to completeness in the angular separation range 1 ′′ ρ 9
′′ . Next to the 199 target stars we find 50 companion stars in this angular separation range. This corresponds to an F C of 0.25 in this range of angular separation for A and late-B type stars in Sco OB2. This value (not corrected for incompleteness) is slightly higher than the values for B type stars in Sco OB2 (F C = 0.20 per decade of ρ; Shatsky & Tokovinin, 2002) and pre-main sequence stars in Sco OB2 (F C = 0.21 per decade of ρ; Köhler et al., 2000) .
At small angular separation (ρ ≤ 3.75 ′′ ) no components other than the target stars are detected for magnitudes 12 mag K S 14 mag. This 'gap' cannot be explained by observational biases or low-number statistics. A fully populated mass spectrum for the companions (assuming random pairing of binary components from the same underlying IMF) is also incompatible with this gap. This implies a lower limit on the companion masses of ∼ 0.1 M ⊙ . This is consistent with our finding that the mass ratio distribution points to a deficit of low-mass companions compared to the random pairing case. On the other hand, if we assume that the sources fainter than K S ≈ 14 mag are actually physical companions, a gap may be present in the companion mass distribution. We will carry out follow-up multi-color AO observations to further investigate this issue.
The gap described above might indicate a brown dwarf desert, such as observed for solar-type stars in the solar neighbourhood (Duquennoy & Mayor, 1991) . The presence of this gap could support the embryo-ejection formation scenario for brown dwarfs (e.g. Reipurth & Clarke, 2001; Bate, Bonnell, & Bromm, 2003; Kroupa & Bouvier, 2003) . This is further supported by the detection of 28 candidate freefloating brown dwarf members of Sco OB2 by Martín et al. (2004) .
The observed F M decreases with decreasing primary mass. Part of this trend was ascribed by Brown (2001) to observational and selection biases. We lend support to this conclusion with our new AO observations. In particular, the multiplicity fraction for A-type Hipparcos members of US is doubled. Nevertheless our knowledge of the present day binary population in Sco OB2 is still rather fragmentary. None of the multiplicity surveys of Sco OB2 so far has been complete due to practical and time constraints, but also because of a lack of full knowledge of the membership of the association. In addition, each observational technique used in these surveys has its own biases. For example, visual binaries are only detected if the angular separation between the components is large enough with respect to the luminosity contrast, which means that with this technique one cannot find the very short-period (spectroscopic) binaries. Moreover the observational biases depend on the way in which a particular survey was carried out (including how background stars were weeded out).
We therefore intend to follow up this observational study by a careful investigation of the effect of selection biases on the interpretation of the results. This will be done through a detailed modeling of evolving OB associations using state-of-the-art Nbody techniques coupled with a stellar and binary evolution code. The synthetic OB association will subsequently be 'observed' by simulating in detail the various binary surveys that have been carried out. This modeling includes simulated photometry, adaptive optics imaging and Hipparcos data, as well as synthetic radial velocity surveys. Examples of this type of approach can be found in Portegies Zwart et al. (2001) (for photometric data) and Quist & Lindegren (2000) (for Hipparcos data), where the latter study very clearly demonstrates that an understanding of the observational selection biases much enhances the interpretation of binarity data. Finally, the time dependence of the modeling will also allow us to investigate to what extent stellar/binary evolution and stellar dynamical effects have altered the binary population over the lifetime of the association.
This combination of the data on the binary population in Sco OB2 and a comprehensive modeling of both the association and the observations should result in the most detailed description of the characteristics of the primordial binary population to date. Shatsky & Tokovinin (2002) . The distribution of background stars over the field of view is assumed to be homogeneous. The triangles represent the observed stellar objects that we classify as background stars. The contours indicate the background star density in units of arcsec −1 mag −1 . The distribution is normalized, so that for 14 mag ≤ K S ≤ 15 mag and 5 ′′ ≤ ρ ≤ 13 ′′ the number of background stars equals 19, i.e. the observed number of background stars with these properties. Observational biases are not considered. The dashed line represents our criterion to separate companion stars (K S ≤ 12 mag) and background stars (K S > 12 mag). The excess of background stars at small angular separations could be caused by faint companion stars that are misclassified as background stars. • for the three histograms. The distributions are clearly different: the companion star and Hipparcos member star distribution peak at about the central Sco OB2 latitude. As expected, the background star distribution peaks at the location of the Galactic plane. Fig. 9 . Left: The hierarchical triple HIP68532. Both companion stars (indicated with the white dots) were previously undocumented. Right: HIP69113, another multiple system, where both close companion stars (white dots) were previously undocumented. A third known companion star with angular separation of 28 ′′ is not detected in our survey because of the large angular separation. The 5 Myr isochrone (solid curve) is used to find masses of the companion stars in US, while the 20 Myr isochrone (dotted curve) is used for the UCL and LCC subgroups. The grayshaded area is enclosed by the 15 Myr and 23 Myr isochrones, and represents the uncertainty in the age of the UCL and LCC subgroups. For objects at the mean Sco OB2 distance of 130 pc, M K S = 6 corresponds to K S = 11.6. Bottom: The derivative of the mass-magnitude relation. The conversion from M K S to mass is most accurate where the absolute value of the derivative dM/dM K S is small. The mass ratio distributions f (q) = q −Γ are represented by the curves. For our observations we find Γ = 0.33 (dotted curve). Shatsky & Tokovinin (2002) find Γ = 0.5 (dashed curve). The distribution which follows from random pairing (dash-dotted curve) is clearly excluded. The curves are normalized using the observed mass ratio distribution for the companion stars in the range 0.5 < q < 1.0. Bottom: The observed cumulative mass ratio distribution (histogram). The dotted and dashed curve are cumulative distribution functions corresponding to Γ = 0.33 and Γ = 0.5, respectively. The fitted function described in Equation 4 is shown as the thin solid curve. The dash-dotted curve represents the cumulative q distribution for random pairing. . The fraction of stellar systems which is multiple versus the spectral type of the primary, for the three subgroups of Sco OB2. Only confirmed Hipparcos member primaries are considered here. The binarity dataset consists of literature data and our near-infrared AO survey. The light and dark grey parts of the bars correspond to literature data and the new data presented in this article, respectively. The spectral types of the companion stars (not included in this plot) are always later than those of the primary stars. Apparently, the multiplicity is a function of spectral type, but this conclusion may well be premature when observational biases are not properly taken into account. That this is at least partly true, is supported by our detection of 41 new close companion stars at later spectral types. 
